The current I through nickelocene molecules and its noise are measured with a low temperature scanning tunneling microscope on a Cu(100) substrate. Density functional theory calculations and many-body modeling are used to analyze the data. During contact formation, two types of current evolution are observed, an abrupt jump to contact and a smooth transition. These data along with conductance spectra (dI/dV ) recorded deep in the contact range are interpreted in terms of a transition from a spin-1 to a spin-1 /2 state that is Kondo screened. Many-body calculations show that the smooth transition is also consistent with a renormalization of spin excitations of a spin-1 molecule by Kondo exchange coupling. The shot noise is significantly reduced compared to the Schottky value of 2eI but no influence of the Kondo effect or spin excitations are resolved. The noise can be described in the Landauer picture in terms of spin-polarized transmission of ≈ 35 % through two degenerate dπ-orbitals of the Nickelocene molecule.
The current I through nickelocene molecules and its noise are measured with a low temperature scanning tunneling microscope on a Cu(100) substrate. Density functional theory calculations and many-body modeling are used to analyze the data. During contact formation, two types of current evolution are observed, an abrupt jump to contact and a smooth transition. These data along with conductance spectra (dI/dV ) recorded deep in the contact range are interpreted in terms of a transition from a spin-1 to a spin-1 /2 state that is Kondo screened. Many-body calculations show that the smooth transition is also consistent with a renormalization of spin excitations of a spin-1 molecule by Kondo exchange coupling. The shot noise is significantly reduced compared to the Schottky value of 2eI but no influence of the Kondo effect or spin excitations are resolved. The noise can be described in the Landauer picture in terms of spin-polarized transmission of ≈ 35 % through two degenerate dπ-orbitals of the Nickelocene molecule. 
I. INTRODUCTION
An electrical current I exhibits shot noise with a power spectral density 1 S 0 = 2eI because the electron charge e is quantized 2 . While the current itself may be understood as a single-electron quantity, the shot noise reflects electron correlations and, therefore, is affected by the Pauli principle. As a consequence, electrons with identical spins avoid bunching, which reduces the noise.
Noise in mesoscopic structures has been investigated in some detail 3 , noise spectroscopy of atomic [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and molecular [16] [17] [18] [19] [20] [21] [22] junctions, however, is a more recent development. No data have been reported from molecules that are likely to exhibit spin-dependent transport. Fairly simple magnetic complexes such as metallocenes, i. e. a transition metal or lanthanide ion sandwiched between cyclopentadienyl rings, appear to be suitable for this purpose [23] [24] [25] [26] [27] [28] [29] [30] [31] . In addition, it is advantageous to use junctions with conductances G ∼ G 0 (G 0 = 2e 2 /h) that are much larger than typical tunneling conductances because, as detailed below (Eq. 6), the spin-related noise reduction tends to scale with the conductance.
We investigated nickelocene (denoted Nc below, Fig. 1 ) adsorbed to an STM tip from a Cu(100) substrate, a system that has been characterized in some detail in a series of articles [32] [33] [34] [35] . In particular, Nc junctions were found to be stable at large conductances and transport calculations predicted that their electron transmission is spin polarized. Imaging of the tips with adatoms on the substrate we find indication of geometric arrangements of the molecule at the tip that have not been reported so far. Spectra of the differential conductance recorded from the tunneling range deep into contact fall into two classes. Using density functional theory (DFT) calculations, we study new molecular conformations and the corresponding degrees of spin polarization of the d orbitals relevant from electron transport. We also use a many-body Anderson impurity model to reproduce the evolution of the conductance spectra from spin excitation steps in the tunneling range to contact, where renormalization due to coupling to the conduction electrons leads to a drastically different line shapes that had not been explored. Finally, our shot noise data reveal a noise reduction that is consistent with transport through spin-polarized molecular d xz and d yz orbitals. In view of the DFT predictions on spin polarization, this observation excludes a horizontal orientation of the molecule at the tip. Nc is comprised of two cyclopentadienyl rings that sandwich a Ni ion. As discussed in Refs. 32-35, the molecule adsorbs upright on Cu(100), has a spin of 1, and exhibits a spin excitation that leads to abrupt steps in differential conductance (dI/dV ) spectra at sample voltages V ≈ ±3 mV. When a molecule is contacted with the STM tip, it is usually transferred to the tip. These molecular tips are stable up to large conductances G = I/V. At elevated G, dI/dV spectra reversibly change to a peak at the Fermi level. This spectral signature has been assigned to a spin-1 /2 Kondo effect, in agreement with the reduction of spin found by DFT simulating the experimental conditions 34 . A similar change from spin excitations, which imply a magnetic anisotropy, to a Kondo effect was reported from substituted Fe porphyrins 36 . In the present case, the transition appears abrupt and corresponds to a quick rise of the low-bias conductance.
According to DFT calculations, the molecule can attach to a single atom at the tip and get slightly tilted. The simulated constant-current STM images using such a tip are in good agreement with the experimental ones 34 . Similar results have been reported for Nc-functionalized tips on Ag(110) 37 and Cu(111) 38 . The tilt disappears as the tip is brought closer to the surface. Transport calculations suggest that equal shares of the current are carried by the two molecular d xz and d yz orbitals, which are virtually degenerate at contact. The calculated transmissions T for Fermi-level spin-up and spin-down electrons, however, are different. Upon contact formation, the spin polarization decreases from values above 70 % in the tunneling range to 33 % at G = 1.1 G 0 and 23 % at 1.6 G 0 .
III. EXPERIMENTAL DETAILS
We used an ultra-high vacuum (UHV) lowtemperature STM operated at 4.5 K. The Cu(100) surface was prepared by Ar sputtering and annealing. Tips were electrochemically etched from W wire and further prepared in UHV by annealing and indenting them into the Cu crystal to coat them with copper. Finally, the sample was gently contacted until single Cu atoms were deposited from the tip and the contacts showed a conductance G ≈ 1 G 0 . Nc was evaporated onto the cold Cu sample from a Knudsen cell. A Nc molecule was transferred from the substrate to the tip by bringing the tip closer to the center of the molecule until a rapid rise was observed in conductance-displacement data, G(∆z), which were recorded simultaneously.
IV. IMAGING OF NC TIPS
To achieve a degree of characterization of Nc tips, we imaged Cu adatoms with these tips (Fig. 2) 39 . We typically observed the three patterns shown in panels a-c.
The tallest structure (maximum height 105 pm, Fig. 2a ) was found with 50 % of the Nc tips and appears approximately elliptical. The pattern of Fig. 2b is slightly lower (90 pm) and matches the image reported in Ref. 34 . Approximately 40 % of our tips displayed this pattern. Finally, Fig. 2c shows a nearly symmetric "doughnut" with a maximal height of 75 pm. The most simple model explaining these patterns is to assume that the Nc molecule can adsorb to the tip in different angles with the tip axis. While the long axis of the molecule is strongly tilted in Fig. 2a , it is almost parallel to the tip in c. This model matches the observed image symmetries and is also qualitatively consistent with the observed heights. Ref. 34 proposed that Nc at the tip adsorbs to a single apex atom via two C atoms of a cyclopentadienyl ring. In a DFT calculation, this geometry was predicted for Nc at a single adatom on a Cu plane. We tried to verify this structure by first transfering Nc from the surface to the tip and then depositing it on an adatom. Subsequent imaging ( Fig. 3) , showed that the resulting complex is not stable. The image indicates that the Nc molecule is easily rotated by the tip (or may be rotating by itself) between four equivalent adsorption sites of the Cu(100) substrate. This observation suggests that the geometry used for the DFT calculations 34 , namely a single atom on a Cu (100), may not be a realistic model to reveal the most stable adsorption geometry for Nc at the tip. These results suggest that most likely the structure of the Nc tip is different from the model of Ref. 34 .
The conductance of the Nc contacts varies in characteristic manners when the tip is brought closer to the sample. From previous conductance measurements of Nc, an abrupt rise to G ≈ 0.7 G 0 was reported 34 . We extended our measurements beyond this point toward smaller tipmolecule distances. Two characteristic observations, labeled A and B, are shown in Fig. 4 . In case A, observed in approximately 2 /3 of all experiments, G escalates to ≈ 0.7 G 0 as the tip is brought closer from large separations (∆z < 0, solid line), in agreement with earlier reports. However, further increase of ∆z leads to a steady increase of G, a rapid rise around ∆z ≈ 130 pm, and a saturation of the conductance at ≈ 1.4 G 0 . Close inspection actually reveals a small reduction of G at the largest ∆z. As the tip is retracted (dashed line), hysteresis is observed. In addition to these strongly hysteretic G(∆z) curves, we often ( 1 /3 of our measurements) observed a smooth conductance evolution as shown in Fig. 4 (case B). We did not observe a clear correlation between the two cases A and B and the different imaging properties of the tip shown in Fig. 2 .
Importantly, the conductance data at large ∆z are very similar in cases A and B. In fact, almost all reproducible G(∆z) data sets exhibited a contact conductance in the range from 1.2 to 1.6 G 0 . We therefore measured the current noise in this conductance range because the weak variation of G with ∆z actually simplifies stable measurements. Spectra of the differential conductance dI/dV of our Nc junctions are displayed in Fig. 5 for cases A and B. In both cases, spectra in the tunneling range (bottom curves in Fig. 5 ) exhibit steps at ±3.7 mV. These steps have been assigned to spin transitions of Nc from m S = 0 to 1 35 . The overshoots near ±5 mV may be understood both from non-equilibrium effects 40 and as we will see below (Sec. VII) from renormalization due to Kondo exchange coupling 34 . Clear differences between A and B exist at intermediate conductances (middle curves). In case A, the spectra match those reported in Ref. 34 . The spectral shape evolves into a single symmetric peak that has been assigned to a Kondo effect. In the spectra of type B the overshoots gradually become more dominant until the conductance steps merge to a single feature. Finally, at the largest conductance investigated (top curves), A and B display similar conductance data with a broad peak centered at zero bias. 34 . Following an exponential rise at large separations (∆z < 0, solid line), G jumps to ≈ 0.7 G0. However, G steadily increases at closer approach and saturates at ≈ 1.4 G0 with an intervening rapid rise near ∆z ≈ 130 pm. The conductance recorded while the tip was retracted (dashed line) exhibits hysteresis. In contrast, B exhibits no discernible hysteresis between the approach and retraction data. Both A and B reveal conductances of ≈ 1.4 G0 when the tip is brought sufficiently close to the molecule.
VI. DFT CALCULATIONS
Total-energy calculations to determine the molecular geometry at a single-atom-terminated tip were performed using the planewave VASP code 41, 42 and for the transmission the localized-basis-set Transiesta code 43 . The PBE exchange-and-correlation functional code 44 was used with van-der-Waals D2 corrections 45 . The calculations closely follow the ones of Ref. 34 . The novelty here is the exploration of new molecular conformations.
On top of a single atom, we find that the tilted conformation is 5 meV more stable than an upright conformation. This is in good agreement with the experimental observation that the molecule is unstable during imaging on a single atom on Cu(100) ( Fig. 3 ). As reported before 34 , as the tip and surface approach, the spin of the molecule undergoes a sharp transition with interelectrode distance. The spin is S = 1 for an adsorbed molecule on the tip, for the molecular junction after the transition, the spin becomes S = 1 /2. Interestingly, when the molecule is adsorbed parallel to the surface, the molecular spin is computed to be 1, independently of the distance between electrodes.
When the molecule is adsorbed on a tip atom with its axis parallel to the surface, the energy conformation is 40 meV higher than for the tilted adsorption. As the tip approaches the surface, the surface starts affecting the molecule and destabilizes the parallel conformation with respect to the vertical one. Our calculations show that the parallel conformation depicted in Figure 6 is 900 meV higher than the vertical configuration of the scheme of Figure 6 (b). This probably implies that vertical configurations are more likely when the tip and surface are brought together. Figure 6 (a) shows the electron transmission for a molecule with its axis parallel to the surface, and a tip formed by a Cu (100) surface and one adatom, at a distance of 9.96Å. In (b) the transmission is shown for the vertical configuration. In this case the electron transmission at the Fermi level is dominated by the minority molecular spin. This leads to a sizeable spin polarization of the electron transport. Two channels are shown to contribute to the transmission as expected from the degenerate molecular orbitals of d xz or d yz characters. Interestingly, the parallel configuration yields negligible spin polarization at the Fermi level. This is due to the smaller interaction of the molecule with the electrodes that reduce the contribution of d xz or d yz to the transmission at the Fermi level. Shot noise measurements are very sensitive to the spin-polarization of the transmission and should be able to discriminate between these two limiting cases. VII. MODELING OF dI/dV SPECTRA For modeling experimental spectra of the differential conductance we focus on Fig. 5(b) . The tips leading to these spectra did not show abrupt changes in the conductance-distance data (Fig. 4 ) that would indicate a structural rearrangement during contact formation. According to the DFT calculations the spin-1 of the Nc molecule responsible for the spin excitations is localized in the d xz -and d yz -orbitals of the Ni center, which are nearly degenerate. We hence model the system by a twoorbital Anderson impurity model including a magnetic anisotropy term 46, 47 . The impurity part of the Hamiltonian is then given by:
whereN d = α,σn ασ is the number operator for both dlevels α = 1, 2,n ασ = d † ασ d ασ is the number operator of an individual d-level α with spin σ, U is the intra-orbital, U the inter-orbital Coulomb repulsion, J H the Hund's coupling, S α measures the total spin of an individual dlevel α, i. e. S α = σσ d † ασ τ σσ d ασ with τ = t (τ x , τ y , τ z ) being the vector of Pauli matrices τ i , and S z is the z component of the total spin of both impurity levels.
The crystal field in conjunction with the spin-orbit coupling gives rise to magnetic anisotropy 48 which is taken into account by the effective spin Hamiltonian given by the last term of (1) where D is the uniaxial anisotropy 49 . Here we use D > 0 as experimentally found 33 . Hence the degeneracy of the S = 1 triplet is partially lifted, the |m z = 0 singlet state becomes the ground state, and the |m z = ±1 states an excited doublet. Due to the lack of ground state degeneracy the Kondo effect is suppressed 46 .
Recent calculations show that the Kondo temperature obtained under non-equilibrium conditions coincide with the equilibrium one. We thus expect that in our description of Kondo physics here non-equilibrium features may be neglected 50 . The two-orbital Anderson impurity model is solved within the one-crossing approximation which consists in a resummation of a subset of diagrams in the pertubation expansion in the coupling Γ = Γ tip + Γ sub to the conduction electrons in the tip (Γ tip ) and substrate (Γ sub ) to infinite order 51 . Details of the method can be found in previous works 46, 52 . The solution yields the spectral function A d (ω) of the impurity levels.
From the spectral function the dI/dV spectra can be calculated as follows. For the situation where the molecule is at the STM tip, the applied bias V essentially drops between the molecule and the substrate. According to Meir-Wingreen 53 , we can then write the current through the two Ni 3d-orbitals as:
where we have assumed that the coupling to the leads is the same for both orbitals. γ eff is the effective coupling of the impurity shell to the tip and the substrate given by γ eff = 8 Γ sub Γ tip /(Γ sub + Γ tip ). The Fermi functions in (2) are those of the substrate (at bias V ) and of the STM tip, respectively.
From Eq. 2 we obtain the differential conductance:
whereÃ d (−eV ) is the temperature smeared spectral function given by the convolutioñ
We added a background conductance G bg (assumed to be constant) in Eq. (3) describing the conductance via other molecular channels as well as direct tunneling from the tip to the surface. We next choose the Anderson model parameters D, d , Γ such as to match the experimental spectra in the tunneling regime, while the interaction parameters remain fixed (U = 3.5 eV, U = 2.5 eV and J H = 0.5 eV). We find D = 4.2 meV, d = −5 eV and Γ/π = 10 meV. The effective coupling γ eff and the background conductance can now be determined for the tunneling regime by linear regression G bg using (3). Fig. 7(a) shows the resulting differential conductance in the tunneling regime. Fig. 7(b) shows the temperature broadened spectral functionsÃ d (ω) computed for the model parameters found in the tunneling regime, but for different couplings Γ = Γ tip + Γ sub at the experimental temperature T ≈ 4.5 K. The calculated spectra qualitatively reproduce the evolution of the experimental data of Fig. 5 as the molecule-tip system approaches the surface and the conductance increases. The spin excitations energies at both polarities move inwards to lower energies. Simultaneously the excitation steps, which initially are flat above the threshold, acquire an increasing overshoot. At very large Γ the gap finally begins to close as the step features become increasingly peak-like and merge. Hence both Fig. 7 . For better visibility the spectra have been shifted slightly from each other.
the decrease in the spin excitation energies and the overshoot of the step features with increasing conductance observed in the experiments can be understood in terms of renormalization by Kondo exchange coupling with the conduction eletrons, similar to previous works. 46, 47, 54 Interestingly, the merging of the two step features into a single peak does not signal the onset of Kondo screening. This can be seen from Fig. 8 , which shows the effect of temperature on the peak feature for the largest coupling considered in the spectral function. Upon lowering the temperature, the peak splits instead of becoming more pronounced as expected for Kondo screening. The reason for this intriguing behavior is that the magnetic anisotropy term ∼ DS 2 z is always reinforced at lower energies as was shown in previous works. 46, 55, 56 Thus Kondo screening actually does not take place in the model. In summary the model calculations show that dI/dV spectra recorded for systems which show the type B behavior in the conductance (Fig. 5b ) are in agreement with a spin-1 molecule with the spin localized in two degenerate d-orbitals subject to positive uniaxial magnetic anisotropy coupled to electrodes. The evolution of the spectra as the tip-molecule system approaches the substrate can largely be understood by renormalization due to exchange coupling with the conduction electrons 46, 54 . Another important contribution probably comes from non-equilibrium population of excited states 34, 35, 40 , which is not captured here, since it would require an out-of-equilbrium many-body treatment of the system.
VIII. NOISE DATA
Current noise was measured with a setup described in Ref. 57 . Briefly, after preparing a contact the STM con- Current noise density corrected for frequency response for bias currents of 0 (lowest spectrum), 202, and 283 nA. A moving average filter has been applied to simplify comparison. The peak near 87 kHz is due to electrical interference. 1/f noise is discernible at low frequencies in the 202 and 283 nA data.
FIG. 10.
Excess noise power ∆S(I) measured on an isolated nickelocene molecule. Dots show experimental data, a line displays a fit using Eq. 5. The upper abscissa displays junction voltages. While the uncertainty of the noise power averaged of a 20 kHz interval is indicated, the uncertainty of the current values is smaller than the symbol size. trol electronics was disconnected and a battery-driven circuit was used to drive current through the junction. The voltage noise present at series resistors was amplified by two parallel amplifiers and cross-correlation of the voltage signals was used to reduce amplifier noise. The current noise was obtained from the voltage noise using the measured conductance. The resulting spectrum of the noise power density was averaged over the range from 20 kHz and 200 kHz excluding spurious signals. The upper limit reflects a low pass characteristic due to cable capacitances while the lower boundary was used to minimize the influence of 1/f noise.
To characterize a single contact, measurements were performed for several current values. In addition to the noise, we also determined the DC voltage drop over the contact to calculate its conductance. We only used data from contacts whose conductance remained constant throughout the entire set of measurements (typi- Figure 9 shows the increase of the spectral noise power density with the bias current through the Nc junction. The excess noise ∆S was obtained using 57, 58 
where F is the Fano factor F = lim T →0 ∆S/S 0 . Equation 5 was used to fit the measured noise S(I) treating F and T as adjustable parameters. Figure 10 shows an example experimental data (dots) and the fit (line) obtained. As expected for all but the lowest currents, the relation between ∆S and the current I is almost linear. Figure 11 shows the obtained Fano factors vs. the junction conductances. While there is some scatter, the data are confined to the conductance range 1.3 to 1.5 G 0 and Fano factors vary between 0.17 and 0.27. The arithmetic means are G = 1.42 G 0 and F = 0.20.
To analyze the Fano factor we use Fig. 6 (b) . At contact, the current is essentially carried by two nearly degenerate molecular orbitals, d xz and d yz . The transmissions of these orbitals were predicted to be strongly spin dependent 34 . In a Landauer-Büttiker description 3 , the Fano factor for this system of two identical channels, each with transmission T i = T ↑ , T ↓ for spin up and down, respectively, reads Figure 11 shows Eq. 6 evaluated for a range of conductances G and a few values of T ↓ or T ↑ , where T ↓ + T ↑ = G/G 0 . Within this model, a fit of the experimental data is obtained for the transmissions T ↓ ≈ 0.45 and T ↑ ≈ 0.95. This corresponds to a spin polarization 59 This experimental result is in reasonable agreement with the spin polarization calculated for a nearly vertical molecule (33 % and 23 % at G = 1.1 and 1.6 G 0 , respectively) 34 . A horizontal orientation, however, is predicted to exhibit no spin polarization.
The above analysis of the measured shot noise in terms of the Landauer-Büttiker picture yields a mean-field description of the correlated transport via the molecular quantum spin. In principle it can therefore not be expected to give a correct description of the shot noise in the Kondo regime. Indeed in the presence of the Kondo effect, deviations from the Landauer-Büttiker description of shot noise have been predicted 60-63 , but are not observed here. In the case of type B junctions this can be understood since the molecule does not enter the Kondo regime here, as the model spectra calculations show. On the other hand, inelastic spin-flip excitations may also lead to modified expressions for the shot noise. 64, 65 In the case of type A junctions, on the other hand, the spin state of the molecule changes abruptly from S = 1 to S = 1 /2 and displays the Kondo effect in the contact regime. 34 In this case the shot noise is expected to vary in a characteristic manner with the bias voltage which can be linked to a "fractional charge" of the backscattered particles. 60 However, these deviations only become visible for bias voltages well below the Kondo scale Γ K . An upper limit for Γ K can be estimated from the half-width of the Kondo peak in the type A spectra in the contact regime as 3 mV. At voltages V Γ K the uncertainty in the excess noise is comparable to the quantity itself ( Fig. 10) . Accordingly, the available experimental shot noise data do not allow to probe the Kondo effect or inelastic spin-flip excitations for the present system.
IX. CONCLUSIONS
Systematic studies of the electronic conductance as a Nc-terminated tip approaches a Cu (100) substrate reveal that there are two types of molecular tip. Type A leads to a first jump-to-contact sudden change in conductance close to G 0 , later on a second fast rise, and finally conductances near 1.4 G 0 , for very short junctions. Type B rather shows a smooth evolution from tunneling to contact with a plateau at conductances similar to 1.4 G 0 . These two classes of tips show different dI/dV spectra at different tip-surface distances. Type A exhibits an abrupt transition from symmetrical steps at positive and negative bias reflecting spin excitation thresholds to a zero-bias anomaly typical of a Kondo peak 34 . Type B displays instead a gradual closing of the inelastic gap.
Our calculations show that different molecular conformations can explain different spin states of the junctions. Type A can be associated with a nearly vertical configuration of the molecule where the electrodes contact the cyclopentadienyl moieties. The behavior of type A is consistent with an abrupt spin 1 to 1 /2 transition caused by electronic screening of the molecular charging energy 34 . Type B is more difficult to assign to a given geometry. We find that molecules lying parallel to the electrodes keep their spin of 1 up to very small electrode separations.
As to the deep contact regime, the similar conductance spectra and shot noise data from A and B tips hint that the molecule is in similar environments with both kinds of tip. The molecule is more rigid than the tip which consequently may suffer a deformation. In a simple-minded picture, the molecule finds itself close to many metal atoms, somewhat independent of the initial conditions (A or B tip). This picture leads to a final screened state of the molecule that likely exhibits S = 1 /2. The shot-noise measurements indeed show that the transmission is spin polarized in the deep contact range. This is in good agreement with our mean-field Landauer-Büttiker calculations for the S = 1 /2 state. The corresponding spin polarization is close to the one predicted by the calculations at approximately 35%.
On the other hand, our many-body calculations enable modeling of the conductance spectra and show that a smooth transition from inelastic steps to a broad zerobias peak as observed for B tips is also possible via the renormalization of the magnetic excitations of a S = 1 molecule. The available experimental data are therefore compatible with both theoretical scenarios that predict a conductance peak at zero bias and T = 4.5 K.
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